The experimental metastasis of B16-F10 murine melanoma cells is blocked by the anti-cell adhesive pentapeptide Gly-Arg-Gly-Asp-Ser (GRGDS) derived from the central cell-binding domain of fibronectin. In this report, we show that peptide treatment substantially extends the survival time for mice injected intravenously with B16-F10 cells (8/8 vs. 0/8 mice alive at 150 d), thereby demonstrating the potential efficacy of GRGDS treatment in protection against metastatic colonization. We have also examined the specificity of GRGDS activity by testing a series of related homologues for their effects on experimental metastasis. The overall profile of the relative inhibitory activities of these peptides closely matched their previously established capacity to disrupt adhesion in vitro. Lung retention studies with radiolabeled B16-F10 cells revealed an accelerated rate of cell loss from the lung 0-6 h after coinjection with the active peptide GRGDS. This early effect of GRGDS was consistent with its short circulatory half-life, which was found to be 8 min. Taken together, these results suggest that peptide-mediated inhibition of pulmonary colonization is due to interference with B16-F10 cell adhesion to structures in the target organ. Possible peptide interference in tumor cell-blood cell interactions was examined in order to assess (a) possible biological side-effects of peptide treatment and (b) whether such interactions might be an alternative mechanism for GRGDS-mediated inhibition of pulmonary colonization. GRGDS was found […] Research Article
cacy of GRGDS treatment in protection against metastatic colonization. We have also examined the specificity of GRGDS activity by testing a series of related homologues for their effects on experimental metastasis. The overall profile of the relative inhibitory activities of these peptides closely matched their previously established capacity to disrupt adhesion in vitro. Lung retention studies with radiolabeled B16-F1O cells revealed an accelerated rate of cell loss from the lung 0-6 h after coinjection with the active peptide GRGDS. This early effect of GRGDS was consistent with its short circulatory half-life, which was found to be 8 min. Taken together, these results suggest that peptide-mediated inhibition of pulmonary colonization is due to interference with B16-F1O cell adhesion to structures in the target organ. Possible peptide interference in tumor cell-blood cell interactions was examined in order to assess (a) possible biological side-effects of peptide treatment and (b) whether such interactions might be an alternative mechanism for GRGDS-mediated inhibition of pulmonary colonization. GRGDS was found to retain full inhibitory activity when coinjected with B16-F10 cells into mice in which platelet function was impaired by acetylsalicylic acid treatment or into thrombocytopenic mice treated with antiplatelet serum (76-93% inhibition of colony formation). These data suggest that platelet involvement in the effects of the peptide is minimal. Similarly, GRGDS was also found to be a potent inhibitor of experimental metastasis in natural killer (NK) cell-deficient beige mice (86% inhibition), thereby discounting the possibility that GRGDS artifactually enhanced NK cell activity. We conclude as a result of these studies that cell-binding fibronectin peptides are specific inhibitors of experimental metastasis that prolong survival, that they appear to function by blocking the adhesion of B16-F1O cells to structures in the target organ, and that they do not appear to act through side effects on certain metastasis-related blood cell functions. In the future, deriva-
Introduction
The adhesive interaction of metastatic tumor cells with components ofthe extracellular matrix appears to be obligatory for successful target organ colonization (1) (2) (3) . It is clear that attachment to, and penetration of, basement membrane and connective tissue structures takes place at multiple stages of the metastatic cascade. Recent studies have implicated the basement membrane glycoprotein laminin in metastatic colonization. Either preincubation (3, 4) or coculture (5) ofmurine melanoma cells with the intact laminin molecule was found to enhance metastasis, while proteolytic cell-binding fragments have the opposite effect (3, 4) .
Peptides containing the sequence Arg-Gly-Asp-Ser (RGDS), originally identified in the cell-binding domain of fibronectin, have been shown to be competitive, reversible inhibitors of cellular adhesion to extracellular matrix components (6) (7) (8) . A relatively strict requirement for the particular sequence ofamino acids in these peptides has been established as a result of extensive analysis in vitro (6, 7, 9, 10) . We have recently reported that Gly-Arg-Gly-Asp-Ser (GRGDS) inhibits experimental metastasis when coinjected intravenously into syngeneic mice with lung-colonizing B16-FIO murine melanoma cells (1 1). Some ofthe specificity ofpeptide inhibition of adhesion that had been observed previously in vitro was also found in experimental metastasis assays, since two control peptides containing minor sequence alterations by amino acid inversion or conservative substitution were inactive (11) . This result suggested that GRGDS might function by interfering with B16-FIO cell adhesion to target organ structures. In pulmonary retention studies using radiolabeled tumor cells, GRGDS was found to promote cell loss shortly after injection (11) , a result consistent with early interference in tumor cellextracellular matrix interactions as the mechanism ofaction of the peptide. However, since the process oftumor metastasis is so complex (12, 13) , it is conceivable that GRGDS may block at multiple sites. Recent evidence suggests that certain blood cell populations, particularly platelets and natural killer (NK)I cells, play pivotal roles in regulation of tumor metastasis (reviewed in references [14] [15] [16] [17] , and it is possible that GRGDS may inhibit experimental metastasis by interfering with the normal functioning of these cells. (34) (35) (36) (37) , have demonstrated an increased frequency of experimental and spontaneous metastasis. Similarly, activation of NK cell activity in vivo by administration of biological response modifiers renders the host more resistant to metastatic colonization (38, 39) . Since NK cells can recognize and eliminate a wide variety of tumor cells without prior sensitization, it is likely that they are able to lyse targets shortly after their release into the vascular system.
As an initial step towards assessing potential prophylactic applications of GRGDS-like peptides and in order to gain insight into the mechanism of peptide action, we have tested the effect of GRGDS on survival of mice injected with B16-FIO cells. Furthermore, we have examined the specificity of peptide inhibition together with the contribution of tumor cellblood cell interactions to GRGDS-mediated inhibition of B16-FIO experimental metastasis.
Methods
Materials. Synthetic peptides, synthesized by Peninsula Laboratories (Belmont, CA), were further purified by Sephadex Gl0 chromatography in 10 mM NH4HCO3 as described (1 1 Cell culture and experimental metastasis assay. B16-Fl 0 murine melanoma cells, a line selected in vivo for high pulmonary colonization (40), were cultured as described (41, 42 ). Cultures were routinely tested for microbial infection and were verified to be mycoplasma-free. Cells were detached for 2 min with 0.02% EDTA and resuspended carefully to 5.0-7.5 X 105/ml in Dulbecco's modified Eagle's minimal essential medium (DME; Gibco, Grand Island, NY). Synthetic peptides, dissolved in divalent cation-free Dulbecco's phosphate-buffered saline (PBS-; Gibco), were neutralized and sterilized by microfiltration and mixed with cells. 0.2-ml aliquots containing the specified amount of peptide together with 5.0-7.5 X 104 cells were injected slowly into the lateral tail vein of groups of eight C57BL/6 or C57BL/6"'4 mice (Charles River Breeding Laboratories, Wilmington, MA or Jackson Labs., Bar Harbor, ME, respectively) as described (1 1, 43 (44) . Preparation of antiplatelet serum. Rabbit anti-mouse platelet serum (APS) was prepared exactly as described previously (27) . Mouse platelets were prepared by differential centrifugation of whole mouse blood (Pel-Freez, Rogers, AR). 30 shown). This finding suggests that, in combination with normal host defenses, peptide treatment of the mice completely prevented the establishment ofmetastatic colonies and thereby essentially cured the animals. When this experiment was repeated with a larger inoculum of melanoma cells that would not be expected to completely inhibit colonization (5 X 104 cells; see reference 11 for a discussion of the dependence of GRGDS inhibition on inoculum size), no significant difference in survival time was observed (mean survival of 28.9±1.1 and 27.3±1.9 days for control and peptide-treated animals, respectively). Since the prognosis for mice bearing even a small number of melanotic colonies is very poor, it is likely that complete inhibition of colonization is required to observe prolongation of survival. From the results in Fig. 1 , it is clear that by choosing an appropriate inoculum size, GRGDS can completely inhibit establishment of metastases, and that this inhibition translates into prolonged survival. We conclude as a result of these experiments that if an appropriate means of administration of GRGDS can be found, the peptide can prevent experimental metastatic disease such that host survival time is greatly enhanced.
Specificity ofpeptide inhibition ofexperimental metastasis.
In order to examine in detail the specificity of inhibition of B16-FIO experimental metastasis by fibronectin-derived synthetic peptides, we have tested a larger library of homologous tetra-and pentapeptide molecules. These peptides include two that are found in the primary structure of the central cell-interaction site of fibronectin (RGDS and GRGDS), a truncated version of the latter peptide that lacks the COOH-terminal serine residue (GRGD), an inverted peptide with reversed sequence (SDGR), and a homologue of GRGDS that contains a conservative substitution of glutamic acid for aspartic acid (GRGES).
Consistent with our previous report (1 1 (Table 1) , demonstrating the extreme specificity of GRGDS inhibition. The shorter peptide, RGDS, was also highly active in blocking pulmonary colonization (79% inhibition at 6 jimol, P = 0.01, Table I ), although this degree of inhibition was less than that obtained with GRGDS. These results support a role for the RGDS tetrapeptide recognition signal in the colonization process, and rule out the possibility that GRGDS-mediated inhibition was an artifact of that particular pentapeptide amino acid sequence. At present, RGDS appears to be the minimal sequence that retains high inhibitory activity in cellular adhesion assays (6, 7, 9, 10) . It is notable, however, that in studies in which RGDS and GRGDS have been compared directly for their ability to inhibit cell adhesion to fibronectin, the presence of the NH2-terminal glycine residue appeared to significantly increase the specific activity of the peptide (6, 10) . Such findings in vitro are consistent with the in vivo results presented in Table I . Peptides lacking the COOH-terminal serine residue of the active RGDS tetrapeptide appear to have greatly reduced ability to disrupt cellular adhesion to extracellular matrix molecules in vitro, although a significant effect has been observed at concentrations > 500 ,ug/ml (10 and unpublished data). This result suggests that although the COOH-terminal residue may not be absolutely required for peptide function, it does contribute quite significantly to peptide activity in vitro. Coinjection of 6 gmol GRGD with B16-F1O cells resulted in 29% inhibition of colony formation (Table I ). Since the initial blood level of GRGD is likely to be -1 mg/ml, assuming a blood volume of -2 ml, this low level of inhibition is consistent with the similarly minimal effects obtained in vitro.
Recently, it has been reported that the tetrapeptide SDGR, an inversion of the authentic RGDS sequence, also contains substantial inhibitory activity in cell adhesion assays (10 From the data presented in Table I , it is clear that SDGR is also inhibitory in the experimental metastasis assay (60% inhibition at 6 ,umol, P = 0.05). Similar data have been obtained in a number of independent experiments at similar or higher significance levels. Combining the results of three experiments, the inhibition by SDGR was 54%, a value significant at P < 0.001. As discussed further below, this result provides indirect evidence against the involvement of platelets in peptide-mediated inhibition of colonization. Circulatory retention ofGRGDS. In our initial report (1 1), we performed one experiment to investigate the time frame over which GRGDS promoted cell loss from the lung. Using an assay designed to monitor retention of radiolabeled B16-FO0 cells in the target organ, it was found that coinjection ofGRGDS had two apparent effects on the kinetics ofcell loss. First, there was a slight but reproducible drop in the number of cells that initially arrested in the lung, and second, over the initial postinjection period the number of arrested cells declined progressively until after 6 h, fivefold fewer cells were present in the lungs of peptide-treated mice (1 1, and see also Fig. 3 ). To extend these findings, we have performed studies to examine the behavior ofGRGDS in the circulation and to test whether the peptide is only active immediately after injection; i.e., is its principal mode of action to block the initial arrest of B16-FIO cells, or is it able to induce cell loss subsequent to tumor cell arrest?
One obviously important question concerns the actual half-life ofGRGDS in the blood of mice. GRGDS This initial decrease was probably due to rapid equilibration with interstitial fluid, since parallel injections of [35S]sulfate exhibited a similar rapid decline (Fig. 2) . The sulfate ion has been used to estimate interstitial fluid volume since it is distributed without obstruction into the extracellular space, yet its renal clearance occurs only at a relatively slow rate (48, 49) . Control experiments demonstrated that GRGDS mock-labeled with sodium borohydride was equally effective as the unlabeled peptide in blocking cellular adhesion to fibronectin, thereby demonstrating that the labeling procedure did not affect the biological activity of GRGDS. After initial equilibration (> 2 min postinjection), [3H]-GRGDS and [35S]sulfate were cleared at different rates (Fig. 2) . The respective half-times were 8 and 63 min. The clearance rate of GRGDS is therefore similar to that of other small protein molecules tested in previous studies (50, 51) . The rapid clearance of GRGDS suggests that peptide-mediated inhibition of experimental metastasis occurs over the initial postinjection time period, since the concentration of peptide in plasma would be expected to fall to < 100 ,ug/ml within 30 min of injection. In order to exclude the possibility that the difference in antimetastatic activity of the peptide homologues employed in Table I might be inversely related to their half-life in the circulation, the clearance rate of [3HJ-GRGES was determined. This was found to be 9 min, a value very similar to that of GRGDS.
In view of the rapid clearance rate of GRGDS, we next investigated whether the effects of the peptide in vivo might be restricted to inhibition oftumor cell attachment rather than to dislodgement subsequent to arrest. It was conceivable that the decrease in the percentage of initially arrested cells induced by GRGDS (1 1) might be sufficient to trigger the rapid loss of remaining cells by host defense mechanisms. We have tested this hypothesis in the experiment shown in Fig. 3 . Different numbers of ['25I]iododeoxyuridine-labeled B16-FO0 cells (3-5 X 104) were injected in the absence of GRGDS, and the time course of pulmonary retention was followed for 6 h. The rates of cell loss were compared with that of 5 X 104 cells coinjected with 6 ,mol GRGDS. We predicted that if the sole action of GRGDS was to reduce the number of initially attached cells, then the time course of cell loss in the presence of the peptide would follow that of an appropriate untreated inoculum designed to supply the same number of initially arrested cells. From the results in Fig. 3 , however, GRGDS also appears to act subsequent to initial arrest, since cell inocula that yield fewer attached cells initially (3-4 X 104 cells injected) were subsequently lost at a slower rate than peptide-treated cells that initially arrested at higher levels. We conclude, therefore, that despite its short circulatory half-life, GRGDS is able to promote B 16-FIO cell dislodgement over the initial post-injection time period.
Tumor cell-blood cell interactions in GRGDS-mediated inhibition ofexperimental metastasis: role ofplatelets. Although the most likely mechanism of action of GRGDS in blocking experimental metastasis is direct interference with the adhesion of B 16-FIO cells to extracellular matrix molecules in the blood vessel wall, the complexity of the metastatic process suggests that there are many other possible cell functions that, if blocked by peptide, could result in decreased colonization. The most obvious alternative site of action of GRGDS would be effects on blood cells. It is now well established that both platelets (13, 15) and NK cells (16, 17) the metastatic cascade, although with opposing effects. It is therefore possible that GRGDS could either inhibit platelet function or stimulate NK cell activity. These two systems are the most likely to be affected, since they both act soon after tumor cell release into the circulation. Platelets are thought to promote metastasis by binding to tumor cells in the blood and consequently facilitating lodgement in target organs. This process is postulated to occur shortly after tumor cell release. Alternatively, a potential artifactual stimulation of NK cell function by GRGDS is possible because NK activity requires no prior stimulation, unlike classical immune system function.
As mentioned above, our finding that the reverse peptide SDGR is active in blocking experimental metastasis of B16-F0 cells (Table I) suggests that platelets may not be the site of action ofGRGDS, since SDGR is known to lack inhibitory activity in assays ofplatelet adhesion (47). However, since these assays could be quite different from situations encountered in vivo, we have carried out two experiments to test the effect of platelet-tumor cell aggregation on GRGDS-mediated inhibition of pulmonary colonization.
First, the circulating platelet count in mouse blood was decreased by injection of a specific antiplatelet serum (APS), and then the effect of GRGDS on B16-FIO colonization was examined. Injection of 0.05 ml of APS reduced the platelet count by 55±19% 24 h later. Injection of an equal volume of preimmune serum produced no detectable reduction in platelet number. As anticipated from the results ofGasic et al. (27) , the decrease in platelet count induced by APS resulted in a dramatic reduction in the ability of untreated B16-F10 cells to colonize the lungs of C57BL/6 mice (73% inhibition, P = 0.005, Table II ). In other experiments, this level of inhibition was found to be close to maximal. Injection of preimmune serum gave insignificant inhibition (9.3%; Table II ). This result confirms the key role that platelets play in promotion of experimental metastasis. When control mice, and mice preinjected 24 h earlier with 0.05 ml APS or preimmune serum, were challenged with B16-FIO cells in the presence or absence of 6 ,umol GRGDS, the peptide was able to inhibit colonization in all animals to a similar degree (76%, 77%, and 79% inhibition in control, APS-treated and preimmune serum-treated animals, respectively; Table II ). Mice treated with both APS and GRGDS exhibited 94% inhibition of B 16-FlO colonization relative to untreated animals (Table II) , demonstrating an additivity of action. Since GRGDS is still fully active when the contribution of platelet adhesion is removed from the system, we conclude that its mechanism of action is to a large degree unrelated to inhibition of platelet function.
As a second test, mice were given acetylsalicylic acid in their drinking water for 3 d prior to challenge with B16-FIO cells in the presence or absence of GRGDS. It has been reported previously that administration of acetylsalicylic acid reduces platelet reactivity to collagen and also reduces experimental metastasis, although the extent of inhibition obtained was not as great as with APS (18, 27, 29, 52). Systemic administration of acetylsalicylic acid (3.5 mM in drinking water) to C57BL/6 mice reduced the level of B16-F1O cell pulmonary colonization by 28% (P = 0.05, Table III ). This result is similar to that reported previously (18, 52). Coinjection of GRGDS with B16-FO0 cells into acetylsalicylic acid-treated mice resulted in nearly equal inhibition of colonization as when tumor cells were injected into untreated mice (90% and 93%, respectively, P < 0.001, Table III) , thereby confirming the results obtained with APS and reinforcing the notion that platelets are not involved in GRGDS-mediated inhibition of experimental metastasis. In addition to assays modulating platelet number or function by addition of exogenous agents, we also performed a control to test the possibility that GRGDS itself might affect the platelet count. However, 1 h after injection of either 6 ,umol GRGDS or an equivalent volume of PBS-, there was no change in the number of platelets in C57BL/6 mouse blood (3.02±0.73 X 109/ml and 2.77±0.74 X 109/ml, respectively, compared with 3.07±0.33 X 109/ml for uninjected mice).
Tumor cell-blood cell interactions in GRGDS-mediated inhibition of experimental metastasis: role of NK cells. As discussed above, the early effect of GRGDS on tumor cell dislodgement from the target organ implies that it is unlikely that any long-term stimulation of the immune system is involved in peptide-mediated inhibition of colonization. However, in order to rule out this possible mechanism, GRGDS was injected into mice 2 d prior to challenge with B16-FIO cells. From the data presented earlier in Fig. 2 , it is clear that this preinjection time should be more than adequate to allow clearance of GRGDS from the circulation. If the peptide were acting via long-term immune stimulation, then the stimulus would have already been given to the mice and colonization could still have been inhibited. The number of colonies induced by 5 X 104 B16-FIO cells in control mice and in mice preinjected with 6 ,mol GRGDS were similar (29.6±5.2 and 33.5±3.6, respectively), whereas mice in which GRGDS and B 16-FIO cells were coinjected showed significant inhibition of colonization (7.4±2.2 colonies, 75% inhibition, P < 0.001).
If the immune system were to make a significant contribution to GRGDS-mediated inhibition of experimental metastasis, it would be more likely to involve components that do not require prior sensitization. In view of the proposed role of NK cells in reducing tumor metastasis, we have examined their role in peptide inhibition of B16-F10 experimental metastasis. In order to test directly the involvement of NK cells, we have employed C57BL/6 mice bearing the beige mutation. These mice are characterized by a specific genotypic defect in NK activity (35, 36) . If the sole action of GRGDS were to stimulate NK function, the peptide would be expected to be inactive in blocking colonization in beige mice. From the results presented in Table IV , it is clear that for the same number of B16-Fl 0 cells injected, many more colonies were produced in beige mice. This result is consistent with previous reports (37, 53) and illustrates the role that NK cells play in removal of metastatic cells from the circulation. Interestingly, GRGDS was equally potent in blocking experimental metastasis of B16-FIO cells in both C57BL/6 and C57BL/6"g/bg mice (86% and 81% inhibition, respectively, P < 0.001 for both, Table  IV ), providing strong evidence that NK cells play an insignificant role in peptide-mediated inhibition. The small difference in percentage inhibition by GRGDS could be easily explained by inevitable inaccuracies in counting such large numbers of colonies per lung.
Discussion
In this study we have extended our previous work that established inhibition of B16-Fl0 experimental metastasis by GRGDS, a peptide derived from the cell adhesion site of fibronectin, and now report on the efficacy of peptide treatment for prevention of metastatic disease and its biological characterization after administration to mice. We conclude that GRGDS is able to prevent metastasis to such an extent that recipient mice survive substantially longer than mice not receiving peptide; that GRGDS inhibition is highly specific, is not restricted to effects on tumor cell attachment, but for the most part occurs over the initial postinjection period (0-6 h); and that no deleterious or stimulatory effects on blood cell function in metastasis (platelets, NK cells, other immune cells) were detected as a consequence of GRGDS administration.
By examining the survival time for animals receiving a single coinjection ofB16-FO0 cells and GRGDS, we have demonstrated that the peptide is effective at preventing formation of metastases such that not only is colony formation inhibited, but also that this inhibition translates into a substantial prolongation oflife-span. 100% ofmice receiving 3 mg ofGRGDS along with 1 X 104 or 3 X I04 B16-FO0 cells were still alive > 150 d later and were therefore classified as long-term survivors. Although metastases are often present at the time of clinical presentation of the primary tumor, anti-cell adhesive peptides may be useful as an adjuvant to standard chemother- From a comparison of the effects of a library of homologous synthetic peptides of similar size, we have established the specificity pattern of the phenomenon of GRGDS-mediated inhibition of pulmonary colonization. Among the peptides tested, both GRGDS and RGDS were highly inhibitory, and the reverse sequence of the latter peptide, SDGR, also possessed substantial activity. Two other homologues, GRGES, which contains a highly conservative substitution ofa glutamic acid residue for an aspartic acid residue, and GRGD, which lacks the COOH-terminal serine residue ofGRGDS, possessed greatly reduced activity. As a whole, this profile of inhibition by the peptide library is very similar to their relative potencies in inhibitory assays measuring cellular adhesion in vitro (6, 7, 9, 10) . This close correlation provides strong evidence supporting the contention that the active peptides (GRGDS, RGDS, and SDGR) inhibit experimental metastasis by interfering with the adhesive function of B 16-F10 cells. Thus these results demonstrate the involvement of the RGD-recognition signal in the tumor colonization process. At present we cannot be certain which GRGDS-sensitive extracellular matrix molecule is involved in colonization, since several potential candidates are known to contain RGD sequences (including fibronectin, serum spreading factor/vitronectin, fibrinogen, collagens, and von Willebrand factor [6, [54] [55] [56] (3) (4) (5) .
In an attempt to discriminate between potential effects of GRGDS on tumor cell attachment and dislodgement, we designed an experiment to test whether the inhibition of colonization observed with GRGDS treatment could be explained solely by blockage of B16-F10 cell attachment to the lung. However, since the rate of loss of B 1 6-FI0 cells from the target organ was higher in peptide-treated mice than in control mice containing similar or lower numbers of initially arrested cells, it is apparent that GRGDS continues to promote tumor cell loss subsequent to their initial arrest in the capillary bed of the lung. This result, coupled with previously published lung retention data, plus the finding that the circulatory half-life of
[3H]GRGDS is only 8 min, is strong evidence that the decrease in melanotic colony formation observed 2 wk after tumor cell injection is in large part due to peptide-promoted cell losses occurring during the first few hours postinjection. Again, this conclusion is consistent with our postulated mechanism of disruption of adhesion by the peptide, since it is likely that there is only a narrow window during which tumor cells will be sensitive to detachment. Once the cells penetrate the endothelium, traverse the underlying basement membrane, and lodge in extracellular spaces, it is unlikely that inhibitors ofadhesion would be able to cause such detachment.
In addition to possible effects on adhesion, an early site of action of GRGDS could also theoretically include modulation of tumor cell-blood cell interactions. In particular, it is well established that tumor cell-platelet aggregation is a significant factor in determining the arrest and survival of circulating metastatic cells (14, 15) . Since GRGDS has been reported to block platelet aggregation (47, 58), it was conceivable that the peptide might be acting at least partly via interference with the binding of platelets to injected B16-FIO cells. Shortly after injection, GRGDS did not alter the number of circulating platelets, suggesting that an artifactual effect on the platelet count could not account for the biological activity of the peptide. Furthermore, since GRGDS was equally active in blocking experimental metastasis in mice rendered thrombocytopenic with APS or treated with acetylsalicylic acid, it appears that any contribution of platelet aggregation to GRGDS-mediated inhibition of pulmonary colonization is minimal.
Removal of metastatic tumor cells by NK cells without prior sensitization is now thought to play a major role in natural host defense against tumors (16, 17) . By employing C57BL/6 mice bearing the homozygous beige mutation, we have therefore examined the role of NK cell function as a contributor to the promotion of tumor cell dislodgement by GRGDS. Despite the 11-fold increase in melanotic colony formation observed in beige mice, GRGDS still possessed full activity in blocking experimental metastasis of B16-FIO cells, suggesting that GRGDS does not block colonization by stimulating NK activity. It is notable that the inhibitory capacity of the peptide is independent of the final number of colonies observed. Instead, its relative activity is only a function of the size of the tumor cell inoculum as reported previously (1 1).
In conclusion, we have performed studies to test the potential efficacy of fibronectin-derived peptides for prevention of experimental metastasis. The inhibitory activity is specific, and all of the data are consistent with a mechanism of action involving interference with tumor cell adhesion to the target organ. It should be noted, however, that we cannot presently entirely exclude the possibility that RGD-containing peptides may have unpredictable physiological effects that directly influence metastatic capacity (e.g., effects on tumor cell invasion through interference with extracellular proteolysis [1] [2] [3] ). It is also clear as a result of these studies that, in order for GRGDS to be useful in preventing tumor metastasis, its circulatory concentration will need to be maintained at a high level either by continuous infusion or by artificially increasing its half-life by structural modification.
